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Abstract
Flood fighting activity in preceding centuries and systematic research conducted since 1995 have
produced a collection of more than 2200 historical data regarding dike failures in the Carpathian
Basin. [14, 15] Despite the gaps in and the frequent errors of historical data, the high number of dike
breaches facilitates statistical processing and the evaluation of the results allows us to draw interesting
conclusions and lessons for future generations, for instance regarding the length of levee breaches.
The effect of human intervention is easy to trace in the system of flood control on the basis of the
changing number and length of levee breaches.
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1. Introduction
Under the particular physico-geographic conditions of Carpathian-basin, important
and steadily growing interests have been attached to flood control for centuries.
The fundamental cause of the grave flood hazard is that the overwhelmingly plain
country is situated in the deepest part of theCarpathian Basin, where the floodwaves
rushing down from the surrounding Carpathian and Alpine headwater catchments
are slowed down, overtake and coincide with each other resulting often in high
river stages of extended duration. Owing to the climate and the physico-geographic
situation floods are liable to occur virtually on any Hungarian river in any season
of the year. Danube is drainage the Carpathian-basin, largest tributary is river Tisza
on the east part of the catchment.
In Hungary – situated in the deepest part of the Carpathian-basin - flood plains
make up 22.8 per cent (21 248 km2) of the country. A survey and comprehensive
economic assessment completed in 1994 has shown 2,5 million people of round
700 communities in the protected flood plains to be exposed to flood hazard. These
plains comprise 1,8 million hectares or one-third of the arable lands in the country,
over 2000 industrial plants, 32 per cent of the railway lines and 15 per cent of the
road network. Some 25 per cent of the gross domestic product is generated in this
area. The national assets accumulated here have been estimated at USD11,2 billion
at the 1994 price level.
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2. Levee Breach Length
A study of dike failures should first of all differentiate between dikes or levees built
along riverbanks to protect against floods and dams or barrages running perpen-
dicularly to a river. There are differences in structure, material and size, and the
consequences of a failure also diverge.
When a barrage (or dam) fails, a higher wave of flood will move lengthwise
through relatively narrow cross-section along a valley. The devastating effect of the
initial wave is especially important, as that inflicts most of the damage. ICOLD1
registers hundreds of dam failures [6, 7, 8, 21]. A dam is normally located in one
of the narrows of a valley and the spilling water may wash away most of the dam.
Long dikes of almost identical height running parallel to a river flowing across
a plain pose different hazards. Water spilling across a breach will fan out with its
flow determined by the topographical conditions of the terrain on the protected side.
If that occurs, the volume of the spillage, which depends heavily on the width of the
breach, plays an important role. The width of the opening developing on a failed
levee is of great relevance therefore.
Fig. 1. Dike Breach in England November 2000.
Dike failures are the subject matter of IMPACT, a project conducted by the
EuropeanUnion (between 2002 and 2004). The research project seeks to construct a
temporal model of the shape and depth of openings as they form upon dike failures
to see what happens under natural conditions during the first thirty minutes of a
levee breach. the project studies dike failures using on site large sample tests, small
sample laboratory tests on a scale of 1:10 and computer modelling.
Neither of these methods will, however, be indicative of the expected terminal
length of a developing levee breach despite the importance of localization from the
perspective of protecting lives and assets. The terminal width of a levee breach
depends on a number of factors that do not or hardly if at all lend themselves to
modelling.
1 International Commission on Large Dams
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Practical experience suggests that levee breach length depends on the factors
summarized in the formula below:
L = L (H, G, R, S, Q, A, T)
where
H head over the weir,
G the dimensions and geotechnical properties of the dike,
R river flow conditions vis-a-vis the location of the breach,
S topographic conditions on the protected side,
Q the discharge of the river,
A the activity of flood fighters,
T the function of time.
Factors three, four and five can be merged. Once they are merged, one may
work with the vector sum of the factors determining the flow of the water reaching
and flowing out through a levee breach. Although it is easy to comprehend the effect
of the factors listed above, their role deserves illustration through a few practical
examples.
Fig. 2. Dike Breach at Oder river left bank at Frankfurt am Oder in 23 June 1997.
3. The Shape of Levee Breaches
Levee breaches have typical shape. A study of the photographs taken of dike
failures that occurred in recent decades reveals several similarities in the shape of
levee breaches. (Figs 1 and 2)
The remaining levee stubs are almost always vertical. Their direction is either
perpendicular to the longitudinal axis of the levee or the opening narrows towards
the protected side at a slight degree of inclination. (Figs 4, 5, 6)
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Fig. 3. Typical cross section of a dike failure.
A study of levee breach cross sections shows that water washes the full section
of the levee away in almost every case. Nevertheless, a small piece of earth normally
remains at the water side levee toe, and it reduces the height of overflow as the water
falls over it. (Fig. 3) This piece of earth is frequently called bar (Figs. 8, 10 and 11)
and bar height may even surpass 40 cm. This height reduces the height of overflow
and the turbulence building up behind it helps scour pits develop.
Fig. 4. Elba river left bank at Dorctersen in 3. January 1976 (Germany).
Scour pit development depends on subsurface conditions, and will also be
determined by the mechanism of dike destruction.
If the subsoil is composed of hard and rich clay reaching several meters in
thickness, the formation of scour pits is highly infrequent, as opposed to grainy
and transitional soils where the development of scour pits is highly likely. Such
soils also lend themselves to the formation of boils, hydraulic sub-soil fracturing,
which will inevitably culminate in scour pitting. Probably the largest scour pit in the
Carpathian Basin developed on the left bank of the Danube near Szeremle during
the ice flood of 1956. The horizontal size of the scour pit was 157×250 meters.
Scour pitting also depends on the duration of time and the height of the
overflow. If water spills across a breach and falls over a high weir head for a long
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Fig. 5. Ketto˝s-Körös flood in 1980 Hosszúfok dike breach (Hungary)
period, even superior quality sub-soils may get decomposed. Water spilling for
shorter periods or over lower overflow heights has a smaller propensity to scour
pits.
Scour pits would rarely erode backwards to show up on the water side. The
Hosszúfok dike failure during the Ketto˝s-Körös flood in 1980 illustrates this phe-
nomenon, which subsequent studies proved to have evolved due to the presence of
disperse soil. The scour pit advanced to reach the water side of the levee, which is
why the pile-plank barrier constructed during the flood to close the breach had to
follow an unusual large curve on the protected side. (Fig. 13) The dike failure on
(Fig. 14 also shows a scour pit that progressed to reach the water side on the left
bank of the Tisza at Királyháza in the Ukraine in 1998.
4. The Overflow Height of Spilling Water
The longest levees breaches that occurred in the Carpathian Basin are presented in
Table 1. Practically, each one of these dike failures
• occurred along a river with high discharge (failures along the River Vág were
situated in a section affected by the Danube), i.e. there were large volumes
of water for replenishment,
• occurred in the 19th century, when levees were very much inferior in size,
• inundated spacious flood areas, i.e. large volumes of water could spill across
the breaches.
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Fig. 6. Breach at Tisza right bank in 2001 (Hungary).
Fig. 7. Length of dike failures distributed by the profiling of the River Tisza
Of the 329 dike failures along the Tisza in the past 150 years, breach length
is known in the cases of only 142 instances. Total length reaches almost 11.5 km,
which brings average length to 81 meters.
The first aspect of studying the length of dike failures is to see whether or
not the longitudinal profile of the river shows some alteration or regularity. The
River Tisza, which is 945 km in length, flows between levees along 800 kilometers
practically downstream from Huszt.
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Fig. 7 presents the length of dike failures distributed by the profiling of the
River Tisza. The length of dike breaches along the Upper Tisza is not at significant
variance with downstream data, nevertheless the curve of both the linear and the
exponential trend climbs slightly upwards as the river approaches the recipient
Danube, but the increase is not significant. The exponential curve reflects the effect
of the embouchure into the Danube, but mention must be made of the fact that the
backwater effect of the Danube is longer.
5. The Length of Levee Breaches along the River Tisza
The height of the head of overflowingwater can be described using theweir formula,
where the height of overflow can be defined as shown in Fig. 3, rather than by
calculating the difference between water level on the water side and on the protected
side. The quantity of the overflow will be proportionate to the height of overflow
on the power of 3/2.
It is beyond any doubt that overflows with the weir head above three meters
will have substantiallymore destructive power and boundary shear thanwaterwhere
the head over the weir is a single meter only.
Consequently, doing nothing else but reducing the height of the overflow in
the case of a dike failure will achieve a lot. Overflow volume will be reduced and
smaller areas will get inundated. Opportunities for intervention present themselves
of the protected side first of all.
Fig. 8. Dike breach at Szeghalom in 1980 (Hungary)
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Overflow height may be reduced by constructing a stilling basin on the pro-
tected side. The flood that hit the Middle Tisza in 2000 is an example. The slope of
the protected side of the levee on the right hand side of the Tisza slid along a length
of about 60 meters at Akolhát, downstream from the secondary dike at Kisköre.
[16] Dike failure was imminent, but flood fighters intervened rapidly and laid sand-
bags to construct supporting ribs and deterred the direct threat. (Fig. 9) Had the
levee breached at Akolhát, almost two meters of water could have been retained in
a ‘basin’ near the levee for a longer period of time. The basin itself was bordered
by the secondary dike at Kisköre, the left bank levee of the Hany main canal and
a newly constructed 80-meter-long dike built after the slope had slid. The height
of the overflow used in the overflow formula would have been 1.5-2 meters lower,
and would have allowed substantially smaller volume to spill.
Although the case presented above is not typical of classical localization, it
is a good example of how the degree of inundation, overflow volume and damages
can be reduced.
Fig. 9. General plan of Akolhát surroundings
Occasionally, reducing the level of water on the water side is also possible.
Two dike failures occurred on the left hand side of the Túr among unique hydrologi-
cal conditions during the Upper Tisza flood of 2001. Although the level of the water
was decreasing in the river itself, volumes of water were retained in the reservoirs
134 L. NAGY
of the Túr on the Romanian side upon Hungarian request, thereby reducing water
level in the vicinity of the failure so as to prevent the breaches from widening and
to allow blocking as soon as possible.
When historical data are not available, it is very difficult to estimate the height
of overflowwhendikes failed in earlier years. Weknow thatwhenever a levee breach
failed due to the mechanism of overtopping, water level had to rise above a certain
height, i.e. the height of the contemporary dike. But we are uncertain about the
degree. The fact that the crest did not run parallel to flood level even in those days is
another uncertainty, for instance because the different sections of unpacked levees
compacted at different degrees under their own weights.
We can also mark the contemporary crest stage water level on the nearest
water gauge and use that level to draw a line on the present-day longitudinal section
running parallel to current design flood levels. That allows us to determine the
height, which is assumed to be the level of water that year. It is at that level that
the breach could have occurred and the water must have spilled across the opening.
Even that way, we are off by 20-30 centimeters, because of disregarding that the
gradient of the river was different than it is today. Another problem is our ignorance
of the height of overflow at the time, which can only be specified relative to the
present level of the terrain using the plotting procedure described above. We have
no information whether the flood washed the levee away right down to the level of
the terrain, it washed away more or less of it.
Fig. 10. Dike breach at river Túr left bank in 2001 (Hungary)
It is only possible to make this approximation for locations where the levee
follows the same path as it used to, where the longitudinal profile of the levee is
available and where there used to be a water gauge near the studied site2. Only 99
of the 142 known long dike failures along the Tisza would allow such an approxi-
2 Within the range of 10-15 km.
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mation. In several cases we should use water gauges placed at a distance of 30-40
kilometers before the establishment of the uniform Flood-warning System in 1892
for defining exact water levels, which would be very inaccurate. Further inaccu-
racies would result from the reduction of the length of the river by 452 kilometers
(37%) with 102 diversion cuts between 1846 and 1895, and the increased gradi-
ent of the river. Moreover, more than three quarters of the recorded dike failures
along the River Tisza occurred in that period. It is almost impossible to take into
account the effect of those diversion cuts today. That is why no more than 12 levee
breaches allowed the specification of overflow height with more or less accuracy
relative to the present level of the terrain. (Unfortunately these data are also laden
with additional errors as we have no information on the height of the ‘bar’ which
normally remains on the water side upon a levee failure, as discussed in Section 3.
Data regarding the size of the weir crest fail to show up in historical records.)
That iswhyour first reactionwas to reject the study of the relationship between
overflow height and the length of a levee breach regarding both the Tisza and
other rivers, but later on we continued researching the River Tisza from this aspect
recognizing that the definition of overflow height does not satisfy stringent technical
requirements in full.
Using the methodology described above we estimated the head on crest of the
overflow at the initial stage of the failure for levee breaches along the Tisza. These
figures should be treated with caution because the accuracy of the overflow height
may be at +/- 30 cm variance3 with actual fact due inter alia to the aforementioned
changes of the river (and to the fact that the high water gradient of the Tisza is less
than 3 cm/km in certain locations, and more than 1 m/km in other locations).
Fig. 12 points out no more than the tendency of the relationship between the
head over the weir and the breach length. As overflow height increases, so does
the length of the levee breach but the correlation is sloppy in terms of both the
power function and the exponential function (Fig. 12). That is probably due to
the multitude factors that are at play. All in all, the results do not contradict the
physical law that raising the height of overflow will increase the boundary shear of
the water, which corresponds to the increase of the opening of a dike failure. The
data show that the lower the height of the levee, the less variable the width of levee
breaches.
The twopoints in the left hand side ofFig. 12 indicate high ground4 overflows.
3 10% of the height of the levee.
4 High ground or high bank were phrases used before the middle of the 20th century to describe
elevations along a river which were not reached by floods before. At present high ground means an
assigned line of protection that is higher than the design flood level (DFL) but lies lower than DFL+1
m and has no man made flood control structures.
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Fig. 11. Another dike breach at river Túr left bank in 2001 (Hungary)
Fig. 12. Head over the weir and the length of a dike breach
6. Conclusion
The final length of the dike breaches we can estimate only on the base of historical
data. The length of dike breaches along theUpper Tisza is not at significant variance
with downstream data. As overflow height increases, so does the length of the levee
breach but the correlation is sloppy in terms of both the power function and the
exponential function (Fig. 12). That is probably due to the multitude factors that
are at play. The results do not contradict the physical law that raising the height
of the overflow will increase the boundary shear of the water, which corresponds
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Fig. 13. Hosszúfok dike failure during the Ketto˝s-Körös flood in 1980
Fig. 14. Dike breach at Korolevo in1998 November (Ukraine)
to the increase of the opening of a dike failure. The data show that the lower the
height of the levee, the less variable the width of levee breaches will be.
The expected length of a levee breach depends on a number of interrelated
factors, yet there used to be no method for value estimation. The present studies
allow us to declare that a starting point has been created for increasing the accuracy
of expected breach length estimates. More than 1000 historical data have been
processed to calculate the average breach length in the dikes of the Danube, the
Tisza, their tributaries and the smaller rivers of the Carpathian Basin. Neither
breach length results, nor the temporal trend of breaches contradict the laws of
physics.
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